The aim of the work was to compare the faecal output and digestibility estimated by two mathematical approaches with the actual amount of faeces excreted or feed digested by S i e n t a l cows. Experimental data (intakes and digestibility measured over 5 d) and faecal Cr concentrations (measured at 0,4,8,12, 16,24,32,48,56,72,96,120 and 144 h after a pulse dose of Cr-mordanted forage) were collected from published experiments and fitted to a multicompartmental (MC) model and a y age-dependent (AD) model. From a statistical point of view, the MC model was very satisfactory while the AD model produced lower 9 and higher SE values and reached satisfactory statistical values only for higher DM intakes (lactating animals). The MC model produced higher correlations with the digestibility values while the AD model generated better correlations with the intake data; DM intake and digestibilities were more highly correlated with the model's parameters than neutral-detergent fibre terms. The regression between the estimated faecal outputs obtained with the two models showed an intercept close to 0 (P > 0.05) and angular coefficients near 1; there was a good correspondence of the estimates especially for the lowest values of output. The v2 values of the regressions were 0.800 and 0-829 for the MC and AD models respectively and their SE were 2.93 and 2.63. The ability of the two models to predict faecal output and digestibility was very similar, independent of the statistical accuracy of fitting the Crconcentration data. The results indicate that variation of Cr concentration is the result of the entire digestive process, i.e. dilution and passage, which interact in a competitive or associative way.
Indigestible markers, such as Cr-mordanted feeds, have been used widely for the estimation of the rumen transit time of diets (Grovum & Williams, 1973; Uden et al. 1980; Stern et al. 1983; Colucci et al. 1984; Eliman & Orskov, 1984; Ellis et al. 1984; France et al. 1985; Stefanon & Ovan, 1988; Cruickshank et al. 1989; Ramanzin et al. 1990 Ramanzin et al. , 1991b Susmel et al. 1990b Susmel et al. , 1991 Susmel et al. , 1994a Stefanon et al. 1992) . The method requires the administration of a single pulse dose of a limited amount of marker and the analysis of the excretion pattern in the faeces with appropriate mathematical models. The most frequently used models are dual compartmental (Grovum &Williams, 1973) with two rates of decay, the slowest being associated with the rumen and the fastest with post-rumen passage. Other mathematical models such as the y family, multicompartmental or algebraic models have been studied to improve the description of marker excretion curves Dhanoa et al. 1985; Quiroz et al. 1988; Susmel et al. 1990a; Lalles et al. 1991) . However, the treatment of feeds with, for example, Cr results in a change in their degradability (Robles et al. 1981 ; Stefanon & Ovan, 1988 ) and physico-chemical properties (Ehle, 1984; Ehle et al. 1984; Owens & Hanson, 1992) , and this could lead to a bias in the prediction of the rumen transit time.
P. SUSMEL A N D OTHERS
A pulse dose of a known amount of indigestible marker and the description of the faecal marker concentration curve can also be used to estimate faecal output (France et al. 1988) . In this case, all that is required is to compute the area under the faecal marker concentration curve and calculate the dose:area ratio. If the DM intake is known this method allows the estimation of the digestibility of a diet (Aitchison et ul. 1986; Krysl et al. 1988; Susmel et al. 1992b) .
The aim of the work described in the present paper was to compare the estimated faecal output and digestibility predicted using two mathematical models with the actual amount of faeces excreted or feed digested by cows fed on diets differing in terms of feed composition and DM intake.
MATERIALS A N D METHODS
Experimental data were collected from published experiments (Susmel et al. 1992a (Susmel et al. , 1994a performed on Simmental cows, housed in a barn equipped for individual feeding and faeces and urine collection. Diet composition and methodological aspects are reported in the papers and summarized in Table 1 .
In Expt 1 (diet l), four cows were given 5.44 kg DM/d wheat straw, supplemented with soyabean meal (0.71 kg DM/d), maize and barley (1.14 kg DM/d) and 60 g urea/d. In Expt 2 (diet 2), three cows, in four consecutive periods, were fed on diets containing fescue (Festuca arundinaceu) hay alone (748 kg DM/d) or fescue hay and an increasing amount of soyabean meal (0*35,0.70 and 1.05 kg DM/d soyabean replaced the same amount of fescue hay). In Expt 3 (diet 3), six cows were given 7.68 kg DM/d fescue hay, 2.65 kg DM/d maize and an increasing amount of urea (60 and 120 g/d) in three periods. Expts 1,2 and 3 were performed with rumen-cannulated, non-lactating Simmental cows. Expt 4 (diet 4) was conducted with lactating animals, receiving ad lib. a ration of fescue hay and concentrate in a ratio of 50: 50 on a DM basis. All diets were administered in two equal meals, at 07.30 and 17.00 hours.
In the passage-rate studies, the same forage used in the ration (i.e. straw or fescue hay) was mordanted with 40 g sodium dichromate/kg (Uden et al. 1980 ) and chopped to approximately 50 mm length. The Cr concentrations of mordanted forages were 5.90,7.60, 4.62 and 7.20 g/kg DM for diets 1-4 respectively.
A known amount (250 g fresh weight per cow) of mordanted forage was administered before the morning meal to each cow, either directly via the fistula or mixed with the concentrate feed. Faecal grab samples were collected after 0, 4, 8, 12, 16, 24, 32, 48, 56, 72, 96, 120 and 144 h, oven-dried and analysed for Cr with atomic absorption spectrophotometry. In order to compare the Cr excretion curves between the four trials, the actual faecal concentration was multiplied by the DM intake before the statistical analysis was run. Data were fitted to a multicompartmental (MC) model ) and a y agedependent (AD) model (Ellis et al. 1979) , using a non-linear, iterative procedure (Statistical Package for the Social Sciences, 1988). The two models can be written thus:
where y is the marker concentration at time t (mg/kg DM); k, and k, are assumed to be the constant rates of passage, per h; L is the age-dependent passage rate, per h; N is the number of compartments; T is the time delay (h) before the first appearance of marker in the faeces; A is a scale parameter.
The compartment mean retention time (CMRT, h) was calculated from l / k , and 2 / L and the total mean retention time (TMRT, h) was calculated from (l/kl + l / k 2 ) + T and 2 / L + T for the two models respectively.
The amount of marker, dM, excreted in a time, dt, can be defined as:
where C(t) is the concentration of the marker at time t and F,, is the faecal output. In a defined time interval At, ranging from t, to t,, the amount of marker excreted (M) is:
Only if the faecal output is constant, as is generally assumed (France et al. 1993) , can the following equation be written:
In the time interval which allows all the marker administered (D) to flow out in the faeces https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19960156
(M) and assuming that it is completely recovered, it is possible to compute the faecal output (En) from the equation:
The results presented were obtained with the integral from 0 to 300 h; the ratio between dose and the integral value was multiplied by 24 to express it on a daily basis.
RESULTS
Intake and digestibility data are reported in Table 1 ; diets 1 and 2 were fed at a low level (approximately 10 g DM/kg live weight) and diet 3 at a higher level (approximately 15 g DM/kg live weight). Diet 4, based on fescue hay and concentrate, was fed to lactating cows at a level of about 25 g DM/kg live weight. DM digestibility was higher for the hay+maize diet than that fed to lactating animals, and lower digestibility values were observed for the other two diets. The neutral-detergent fibre (NDF) digestibility did not follow the same trend: only in the hay+maize diet was the NDF digestibility higher.
A first attempt to perform non-linear analysis of the faecal Cr excretion with the MC model was conducted with constraints for positive values for the parameters, but in some cases the calculated T was much higher than the observed value; moreover A , Nand T were highly autocorrelated. In order to obtain a more biologically correct estimate of the time delay, the analysis was rerun with the constraint that Tcould not exceed twice the observed value. A , N and T varied widely but no significant variations of r2 or residual SE were observed and k, and k, remained constant. Again, the correlation matrix revealed a high degree of autocorrelation. However, the use of these latter parameter values was considered more appropriate and they were used for the subsequent statistical analysis.
The results obtained with the MC model (Table 2) showed that A, Nand T varied widely between and within diets, while smaller differences were observed fork, and k,. The number of compartments ( N ) was very low in the straw diet and higher in the hay + maize and hay + soyabean diets; T (time delay before the first appearance of marker in the faeces) was very high only in the straw + concentrate diet, remaining almost constant in the other three diets. The calculated compartment and total mean retention times (CMRT and TMRT) were, on average, not very variable between diets, even though the lowest values were observed in diets 3 and 4 with the highest DM intake levels; however, the range within each experiment reflected a high variability between animals. From a statistical point of view the MC model was very satisfactory for all diets and cows.
Faecal Cr-concentration data were also fitted to the AD model, using different orders of y-dependency (from 2 to 4); increasing the y order gave a better fit, but T was often zero and the autocorrelation between parameters increased (from 0.2-0.3 to 0.74.8) ; the value of the age-dependent passage rate also changed. In Table 3 , only the parameters obtained with the 2nd order model are reported. A and L varied within and between diets and the latter increased with the plane of nutrition. The use of the AD model produced lower r2 and higher SE values than the age-independent model (MC) and only reached satisfactory statistical values for lactating animals.
With the AD model, the A values were lower and the CMRT and TMRT were always higher than those obtained with the MC model; increasing the level of intake (from diet 1 to 4) decreased both the CMRT and TMRT.
In Figs 1 and 2 the typically different shapes of the fitted curves are presented. In Fig.  3 , where the different ability of the models to fit the observed Cr concentrations is shown (data refer to one cow), the poorer fit given by the AD model, especially in terms of the peak concentration, is very clear. The rank of actual DM digestibility followed the peak heights for both models very closely (compare Table 1 and Figs 1 and 2): the highest peak was observed for the hay+maize diet, i.e. the most digestible (diet 3, DM digestibility (DMD) = 72.6%) followed by the hay+concentrate diet (diet 4, DMD = 68.2%) and the other two diets had very similar shapes and peak Cr concentrations (DMD = 62-9 and 607 % for the hay + soyabean, diet 2, and straw +concentrate, diet 1 respectively).
The different abilities of the models to predict the measured data were investigated by correlation analysis (Table 4 ) between the parameter A, CMRT and TMRT with actual intakes and digestibilities. The MC model produced higher correlations with the digestibility values while the AD model generated better correlations with the intake data ; DM intake and digestibility were more highly correlated with the model's parameters than NDF terms.
The regression between actual DM digestibility and estimates obtained with the use of integrals were higher and similar for both the models, even though the AD model generally performed better (Figs 4 and 5) . The intercepts were not significant and the angular coefficients approximated unity. The r2 value was higher and residual SE (RSE) lower for the AD model, but the CV were lower than 4 % for both the models.
The regression between the estimated faecal output with the two models ( Fig. 6 ) showed an intercept close to 0 (P > 0.05) and angular coefficients near 1 ; a good correspondence of the estimates was shown particularly for the lowest values of output. Table 1 . DMI, dry-matter intake.
DISCUSSION
The choice of the MC and AD models (Ellis et al. 1979 ; Dhanoa et al. 1985) was based on statistical and biological criteria. In previous papers (Susmel et al. 1990a (Susmel et al. , 1992b Table 1 . DMI, dry-matter intake. mixed age-dependent-age-independent) to describe the change of marker concentration in the faeces was investigated. The results showed that for Cr-mordanted forage the MC model produced better fits (i.e. higher r2 and lower RSE), but correlation with rumen degradability or digestibility did not demonstrate any particularly superior model, with MC sometimes performing better than the others, and sometimes worse.
In the present paper the comparison between a relevant statistical model (MC) and a simpler but worse model (AD) was chosen. The MC model gave a statistically better performance than the AD model (Tables 2 and 3) and this confirms the observations of other researchers Beauchemin & Buchanan-Smith, 1989; Lalles et al. 1991) .
As far as the AD model is concerned, increasing the order of age-dependency leads to a more gradual ascending portion of the curve Table 4 value to 0; for these reasons, different y orders have to be applied to the same dataset in order to find the best estimates. In the present experiment the fitting ability of the AD model with a y order of two was very poor and increased with y order, but the high degree of autocorrelation observed with increasing order of age-dependency indicated that only the order 2 model could be used, independently of the statistical accuracy. 0.32+0.96x; r2 0868, SE 0.24) .
. Correlation analysis between dietary and model-based parameters (df 40)

Model
The identification of the best model to describe the pattern of Cr excretion in the faeces should be easy from a statistical point of view, as the coefficients of determination, RSE and the distribution of the residuals can be compared (Susmel et al. 1990a) ; however, it is more difficult to find and verify the biological meaning of the parameters.
According to Dhanoa et al. (1985 Dhanoa et al. ( , 1989 , A in the MC model is a scale parameter defining Cr concentrations in the faeces, and is likely to vary with the amount (dose) of marker administered in relation to the amount of DM ingested; T is related to the time of first appearance of marker in the faeces and N represents the number of compartments, which varies according to intake and fibre concentration of the diet. However, in the experiments reported here, these parameters varied widely according to the constraints put on the nonlinear procedure, without modifying the shape of the curve and the k, and k, values. In the AD model, A and T have the same meaning as in the MC model ), but the large difference observed in the parameter estimates obtained with the two models (Tables 2 and 3) appears to indicate that they have a mathematical rather than a biological significance. The use of an age-dependent model produces a smoother curve and allows negative values of Cr concentration making T estimates similar between diets which were very different in terms of fibre content (i.e. straw + concentrate and hay + soyabean) and plane of nutrition. Quiroz et al. (1988) reported that the shape of marker excretion curves in the faeces varied according to particle size, reflecting different times and extents of rumination, hydration and microbial degradation ; as a result, large particles should have higher T values and less skew than small particles, but the same conclusion cannot be drawn from the present results, where the diets of three trials were based on the same fescue hay.
The difficulty of assigning a precise meaning to each of these parameters has often been reported (Aitchison et al. 1986; Murphy et al. 1989; LallCs et al. 1991; Susmel et al. 1991) and the comparison of the shapes of the curves (Figs 1 and 2) further confirms that the models tended to depict the pattern of marker excretion in a predetermined way: the MC model does not allow negative values for the y axis and is more sensitive in describing the ascending phase and the peak of Cr concentration than the AD model ( Fig. 3) . France et al. (1988) and Dhanoa et al. (1989) have stressed the importance of the study of faecal marker concentration curves as a method for estimating ruminal rate of passage and ruminal and total mean retention times. In this approach, k, and k, are assumed to represent the rumen and post-rumen passage rates in the MC model, and L, in the AD model, is a parameter which takes into account an age-dependent process in the transit of particles along the gastrointestinal tract, due to the imperfect mixing and dilution of the marker in the digesta in the various physical compartments of the tract, with their different volumes and sectional diameters, and the increased probability of escape of aged particles (Pond et af. 1988 ). Rate of passage, especially from the rumen, is considered to vary with DM intake and f0rage:concentrate ratio (Colucci et al. 1982) , but the data in Table 2 would appear to indicate very similar passage rates (k,) for the diets, while larger variations of L were observed with the AD model ( Table 3) . The same conclusion can be drawn from the CMRT and TMRT, which were inversely related to intake level for the AD model but not for the MC model. Table 4 clearly shows that A , CMRT and TMRT obtained with the MC model do not have the same degree of correlation with intake and digestibility as do the AD parameters. On the one hand, the relationship with intake and digestibility would support the superiority of the AD model in predicting the passage rate, but, on the other hand, a better fitting of experimental data would lead to a better interpretation of faecal excretion curves and, probably, an improvement in the passage rate estimate. The real problem is that actual measurements of the rumen passage rate and the CMRT and TMRT are difficult to perform so that it is hard to assess the superiority of a mathematical model in predicting these nutritional variables. Table 4 also demonstrates that the models describe DM intake and digestibility better than those of NDF. One would expect that the change in physico-chemical (Ehle, 1984; Ehle et ai. 1984; a ; Owens & Hanson, 1992) and fermentation (Robles et af. 1981 ; Stefanon & Ovan, 1988) characteristics of feed particles would result in a different pattern of faecal excretion of the mordanted particles in comparison with untreated dietary particles, especially for rations differing greatly in forage : concentrate ratio and level of intake. However, Susmel et af. (P. Susmel, B. Stefanon, C. R. Mills and M. Spanghero, unpublished results) recorded no significant differences in excretion kinetics between meadow hay contaminated with radioactive Cs and the same hay mordanted with Cr. This would appear to indicate that the change in physico-chemical properties of feed particles is not as important as the entire dynamic process of digestion. This consideration was also derived from previous work (Susmel et af. 1990a (Susmel et af. , 1992b and suggested the use of the pattern of Cr excretion in the faeces to describe the whole digestive process rather than attributing a precise biological meaning to each estimated parameter.
An examination of
Experimental faecal marker excretion data can also be used to estimate the faecal output (France et af. 1988; Krysl et af. 1988; Moore et af. 1992 ) and, if the intake is known, the digestibility of the diet; in this case the ability to predict certain parameters using different models is easier to assess, since a comparison can be made directly with measured digestibility values. According to these authors, eP can be calculated from the ratio of the dose of marker and the scale parameter A and other parameters of the models or as a ratio of dose of marker and the integral of the faecal concentration curve.
In the present trial a large number of animals (dry and lactating cows) and diets were used; marker concentrations in the faeces were corrected for the actual DM intake in order to refer the faecal output directly to indigestibility, or 100-Ep as digestibility.
The estimated faecal output, obtained using the defined integral from 0 to 300 h, was very similar between models ( Fig. 6 ) and the regression analysis with the observed digestibility data for each of the models (Figs 4 and 5) revealed high r2 values and the bias in the estimates was lower than 3 and 4% for the MC and AD models respectively.
According to France et al. (1988) the ability to predict the faecal output is dependent upon the indigestible marker used but not the mathematical model. These authors obtained their results using continuously-fed animals and hourly faecal sampling, experimental conditions rather different from those adopted in the present trial. It is thus important to underline that the technique is still valid for discontinuous feeding, which would mean a non-constant production of faeces, one of the most important assumptions of these mathematical models.
Further experimental work is needed to establish the accuracy of the prediction of faecal output in order to utilize this technique as a tool for investigating diet digestibility. The incorporation of digusion and viscosity concepts (France et al. 1993) into the models could further enhance the effectiveness of the results.
